When continents rift to form new ocean basins, the rifting'is sometimes accompanied by massive igneous activity. We show that the production of magmatically active rifted margins and the effusion of flood basalts onto the adjacent continents can be explained by a simple model of rifting above a thermal anomaly in the underlying mantle. The igneous rocks are generated by decompression melting of hot asthenospheric mantle as it rises passively beneath the stretched and thinned lithosphere. Mantle plumes generate regions beneath the lithosphere typically 2000 km in diameter with temperatures raised 100-200øC above normal. These relatively small mantle temperature increases are sufficient to cause the generation of huge quantities of melt by decompression: an increase of 100øC above normal doubles the arnount of melt whilst a 200øC increase can quadruple it. In the first part of this paper we develop our model to predict the effects of melt generation for varying amounts of stretching with a range of mantle temperatures. The melt generated by decompression migrates rapidly upward, until it is either extruded as basalt flows or intruded into or beneath the crust. Addition of large quantities of new igneous rock to the crust considerably modifies the subsidence in rifted regions. Stretching by a factor of 5 above norreal temperature mantle produces immediate subsidence of more than 2 km in order to maintain isostatic equilibrium. If the mantle is 150øC or more hotter than normal, the same amount of stretching results in uplift above sea level. Melt generated from abnormally hot mantle is more magnesian rich than that produced from normal temperature mantle. This causes an increase in seismic velocity of the igneous rocks eraplaced in the crust, from typically 6.8 km/s for normal mantle temperatures to 7.2 km/s or higher. There is a concomitant density increase. In the second part of the paper we review volcmaic continental margins and flood basalt provinces globally and show that they are always related to the thermal anomaly created by a nearby mantle plume. Our model of melt generation in passively upwelling mantle beneath rifting continental lithosphere can explain all the major rift-related igneous provinces. These include the Tertiary igneons provinces of Britain and Greenland and the associated volcanic continental maxgins caused by opening of the North Atlantic in the presence of the Iceland plume; the Paran& and parts of the Karoo flood basalts together with volcanic continental margins generated when the South Atlantic opened; the Deccan flood basalts of India and the Seychelles-Saya da Malha volcanic province created when the Seychelles split off India above the l•union hot spot; the Ethiopian and Yemen Traps created by rifling of the Red Sea and Gulf of Aden region above the Afar hot spot; and the oldest and probably originally the largest flood basalt province of the Karoo produced when Gondwana split apart. New continental splits do not always occur above thermal anomalies in the mantle caused by plumes, but when they do, huge quantities of igneous materiM are added to the continental crust. This is an important method of increasing the volume of the continental crust through geologic time.
There are two crucial components to our model. First, we require asthenosphere temperatures to be increased by 100-150øC over large (typically 1500 to 2000-km diameter) regions of the earth by heat advected upward in mantle plumes (commonly called "hot spots").
Second, we calculate the amount of partial melt that is generated by the asthenosphere as it wells up beneath riffs in these hot areas and consider the effects of accreting the melt to the crust.
In section 1 of this paper we discuss briefly the thermal structure produced by mantle plumes as a prelude to our assertion that the distribution of volcanic margins and continental flood basalts can be explained by their association with nearby plumes that were active at the time of rifling. In section 2 we discuss the physical processes involved in melt migration and the volumes of melt that are generated by asthenosphere as it wells up and decompresses, and we summarize the specific predictions of our model which can be tested by observational data from volcanic margins and flood basalts. These predictions relate to the area over which magmatism occurs, the volume of igneous rock accreted to the crust, the timing of its emplacement, its geochemical and geophysical characteristics, and its effect on the subsidence of the margin. In the third, and major part of the paper we summarize the observational constraints from all known examples of volcanic continental margins and show that our model can explain these observations.
THERMAL ANOMALIES CAUSED BY MANTLE PLUMES
The interiors of oceanic plates are peppered with numerous volcanic islands and swells formed subsequently to the oceanic lithosphere on which they sit. These have long been considered to mark the locations of ascending mantle plumes beneath the plate and are com- above normal at the center compared with that through lithosphere of the same age away from the swell. Although mantle plumes undoubtedly exist under continents too, we shall for the moment consider those under oceanic lithosphere because the thermal structure of the oceanic lithosphere is more straightforward to predict than that under old continents and the distribution of suboceanic plumes can be mapped using satellite altimetry. Furthermore, seafloor elevations caused by hot spot uplift are generally preserved underwater because there is little erosion. Since the age of oceanic crust is easy to determine using seafloor spreading magnetic anomalies and the seafloor depth increases monotonically with age in a well-known manner as the litho- Table I we show a compilation of hot spot swell statistics drawn from a number of different sources to show their typical dimensions. All these swells also exhibit prominent geoid anomalies and are caused by deep thermal anomalies.
The way in which a mantle plume modifies the upper mantle temperatures is well displayed by studies of the Cape Verde swell published by Courtney and White [1986 around hot spots (Table 1) . Crustal thickening by the addition of igneous rock to the crust can also cause uplift, as can the reduction in density of the upper mantle depleted by melt removal, and a proportion of the uplift of the hot spots listed in Table I may be due to this effect. In the case of the Cape Verde swell, there has been little crustal thickening, and the majority of the uplift is dynamically supported by the flow. The same is probably true of all the swells listed in Table 1 . It is also worth noting the magnitude of the temperature anomalies generated by the hot spot. Beneath most of the swell the temperatures just under the plate are of the order of 100øC above normal, with hotter temperatures only in the core of the central plume. The constraints imposed by the surface observations are such that the best resolution on the underlying temperature structure is in the region just beneath the plate [Parsons and Daly, 1983 ; Courlney and While, 1986].
For our purposes this is fortunate, because the amount of melt generated is critically dependent on the temperatures in just this region near the base of the plate [MCKenzie and Bickle, 1988] .
We note in passing that we can say little about how deep in the Earth the convection penetrates. Courlney and While [1986] modeled convection in the upper mantle only, whilst Olson el al. [1987] , for example, assume that mantle plumes are generated in the D • layer at the core-mantle boundary. However, the temperature structure in the upper mantle where melting occurs is insensitive to the depth at which the mantle instability initiates. So it does not matter for our model.
We are here concerned with magmatism which occurs when continental lithosphere is stretched, so we need to know the normal temperature conditions and the anomalies caused by mantle plumes under continental lithosphere. The thickness of oceanic lithosphere is governed by the loss of heat from the vigorously convecting, adiabatic upper mantle [Richter and Parsons, 1975; Parsons and MCKenzie, 1978] . Upper mantle can be converted from asthenosphere to lithosphere simply by cooling and without any change of chemical composition. The temperature structure beneath oceans in the absence of hot spot plumes can be readily parameterized [Richter and MCKenzie, 1981] [Pollack and Chapman, 1977] , and on seismic velocity structure [Jordan, 1975 [Jordan, , 1978 [Jordan, , 1981 . However, beneath Phanerozoic crust the lithospheric thickness seems to be similar to that of old oceanic lithosphere, and it behaves thermally in dimensional convection heated from below [Jarvis, 1984] at a Rayleigh number of 1.5 x 109 with free boundaries.
The necessary Rayleigh number for this process to occur is likely to be lower for three-dimensional circulations, and is likely to be further reduced if one or both of the boundaries is rigid and if the viscosity is temperature dependent. All these effects reduce the stability of the boundary layers. The time scale for plumes to move together is likely to be at least 100 m.y., whereas the time taken for an instability of the boundary layer to develop is unlikely to exceed 10 m.y.
There is as yet little information about the time dependence of mantle convection. That of the large-scale flow is controlled by the movement of the large plates.
Studies of hot spots [Molnar and Aiwalet, 1973; Molnar and $1ock, 1987; Sager and Bleil, 1987] show that they move relative to each other at rates of 10-30 mm/yr, but do not yet provide evidence that they attract each other in the manner seen in the experiments. The beginning of a hot spot has also not been observed, but numerical experiments suggest that the boundary layer instability will produce a roughly spherical blob 100-200øC hotter than the average interior temperature of the mantle and will contain about 5 x 106 km 3 of material. As the blob approaches the upper boundary, its shape is changed into a fiat circular pillow by the stagnation point flow. This blob will start a mantle plume whose radius will be about half that of the blob. The rate of heat transport by the blob is likely to be about a factor of 5 greater than the steady heat transport of the plume.
In the absence of direct measurements across a continental hot spot, because of the difiqculties mentioned earlier, we use the thermal model developed for the Cape Verde swell as a good analog of conditions prior to rifting above a continental mantle plume. Not only does the Cape Verde swell lie over old oceanic lithosphere which therefore probably has a thermal structure similar to Phanerozoic continental lithosphere, but it is also producing only minor volcanic products, despite its mature age. We therefore take it to be representative of the thermal structure prior to continental rifting and before the production of voluminous melt. We would not expect every mantle plume to be identical in thermal structure to the Cape Verde model. Indeed the range of sizes of the swells listed in Table 1 gives some idea of their variability. But we do expect them to exhibit several general features in common. We summarize these as follows. 
Hot spots comprise a narrow (150-

MELT GENERATION BENEATH RIFTING LITHOSPHERE
When lithosphere is thinned tectonically the underlying asthenosphere wells up to fill the space. As the asthenosphere decompresses, it partially melts. The amount of melt generated can be calculated readily, provided the upwelling is assumed to occur at constant entropy [MCKenzie, 1984] .
In the last few years there has been a great deal of interest in the separation of melt from a partially molten rock. This work has led to a better understanding of the processes involved. Two principal results are of con- These calculations therefore allow us to assume that all melt produced by decompression melting separates from its residue and moves directly upward. It is then either erupted at the surface or emplaced in the crust. These assumptions are now soundly based and greatly simplify the calculations.
We calculate the melt production using a parameterization of the melt fraction as a function of pressure and temperature derived by MCKenzie and Bickle [1988] . Their parameterization was calculated from all available published data on melting obtained by laboratory experiments. For our purposes the most important result is that an increase of 200øC above its normal value in the potential temperature of the asthenosphere can more than triple the amount of melt generated beneath rifting lithosphere. So when a rift cuts across a region of hot asthenosphere caused by material carried up in a thermal plume, large amounts of melt can be generated. In the following sections we amplify our predictions of the volume of melt produced, the timing of its emplacement, and its chemical and physical properties. In conjunction with the thermal model of hot spots, we show how the addition of new material to the crust affects the subsidence and subsequent evolution of the rifted region.
Following MCKenzie and Bickle, we define the potential temperature of the asthenosphere as the temperature it would have if brought to the surface adiabatically without melting. To convert to actual asthenosphere temperatures, the increase appropriate to the depth due to the adiabatic temperature gradient of about 0.6øC/km has to be added to the potential temperatures we quote.
Volume of Igneous Rocks
Once partial melt has been generated, we assume that it separates rapidly from the matrix and moves up- ward until it is added to the overlying crust [MCKenzie, 1985] . Therefore although a small fraction of perhaps 1-2% of melt is likely to remain with the solid residue in the mantle, for simplicity we assume that all the melt that is generated is extracted. The principal error in the calculations arises from uncertainty in the latent heat of basalt, which produces errors of perhaps 30% in the amount of melt produced. In Figure 3 we show the thickness of melt generated by uniformly stretching the lithosphere by factors of 2, 5, and 50. A factor of 2 is a typical value found in intracontinental sedimentary basins which have not subsequently developed into ocean basins. A factor of 5 is roughly the point at which stretched continental crust breaks to fully igneous oceanic crust; and the factor of 50 is representative of the upwelling which occurs beneath oceanic spreading centers. For each case we show a range of mechanical boundary layer thicknesses from 70 to 130 km for the undisturbed continental lithosphere: this covers the range we are likely to encounter along rifting margins. The variation in melt production with asthenospheric potential temperature provides a sensitive measure of temperatures under oceanic spreading centers. Since the oceanic spreading centers extend around the world, they sample asthenosphere across a wide geographic area, with a stretching factor of infinity (closely approximated by • = 50 in our calculations). The volume of melt generated depends only on the amount of lithosphere thinning and the temperature of the underlying asthenosphere. Thickest igneous sections are found on rifted continental margins where they have cut across the 'mushroom heads' of abnormally hot mantle brought up in a plume. However, any minor rifting above the hot asthenosphere will produce localized igneous activity on a smaller scale, and this explains, for example, the broad occurrence of similarly aged volcanic rocks across a 2000-km-wide area in the British Tertiary igneous province.
The area over which volcanic rocks are found depends not just on the location of the rift but also on how far the lavas flow. Huge areas of flood basalts are often found on the continents adjacent to rifts. Their outward flow may be assisted by the fact that the rifted region which forms the source is uplifted by typically 1-2 km (also see section 2.4).
Timing of Volcanism
Partial melt is generated as the asthenosphere wells up passively beneath the thinning lithosphere. The timing of volcanism seen at the surface thus depends on the time and rate of lithospheric thinning and on the time it takes for the melt to move upward from the zone of melting in the mantle to the surface. The basalts that are formed by asthenosphere decompression separate out from the matrix very rapidly, and the bulk of the melt will reach the surface in less than I m.y. after its formation [MCKenzie, 1985] . On geological time scales it is essentially simultaneous with the rifting.
When continents break apart, there is often a long precursory period of small-scale rifting, sometimes distributed over a broader region than the final split. This is likely to cause minor volcanism over a broad region for several millions of years prior to the continental separation. However, once the continents start to separate, they often do so rapidly. It is during this main phase of rifting that the voluminous outburst of magmatism occurs. We expect most of the continental margin volcanism and continental flood basalt flows to be erupted during a short period contemporaneous with the main rifting.
Properties of the Igneous Rocks
Even with high asthenosphere temperatures and large amounts of stretching, the degree of partial melting does not exceed about 30%. Infinite stretching with asthenosphere at a normal potential temperature of 1280øC produces melt with the composition of midocean ridge basalts (MORB). As the potential temperature of the asthenosphere is increased up to 1480øC, some 200øC above normal, the percentage of MgO increases systematically from about 10% to 18%, and the percentage of Na20 simultaneously decreases. Thinning the lithosphere by a factor of 2 above asthenosphere at 1480øC produces alkali basalts passing to tholeiitic basalts as the stretching is increased further.
These systematic chemical changes in the melt are a sensitive indication of the asthenosphere temperature. Thus picritic basalts with a high percentage of MgO found on Disko Island in west Greenland [Clarke, 1970] are indicative of abnormally high asthenosphere temperatures. Similarly, the increase in percentage of Na20 of oceanic basalts as one moves away from the hot spot under Iceland [Klein and Langmuir, 1987 ] is a sensitive measure of decreasing asthenosphere temperature away from the central mantle plume.
These chemical changes in melt, and particularly the systematic change in the MgO content of the melt with asthenosphere temperature, cause systematic changes in the seismic velocity and the density of the igneous rocks that are formed on rifted margins. The seismic velocity of the igneous rock was calculated by taking the theoretical composition of the melt, finding its CIPW norm, the Voight-Reuss-Hill averages for each mineral and then for the aggregate. All hypersthene is assumed to be converted to olivine and quartz for these calculations.
The seismic velocities were corrected to the value they would have at 10-km depth in the crust, using the change of velocity with temperature and pressure for individual minerals from Figure 6 ).
Where the underlying asthenospheric mantle is hotter than normal due to the presence of a nearby thermal plume, three additional factors work in concert to produce uplift. Depending on the temperature anomaly in the mantle, this can severely reduce the amount of subsidence caused by lithospheric thinning, or can even produce uplift above sea level. In reducing order of importance, the three effects are the addition to the crust of igneous material produced by adiabatic decompression, the dynamic support produced by the mantle plume, and the reduction in density of the residual mantle after removal of melt.
The modification to the subsidence caused by accretion of melt to the crust can be readily calculated using the appropriate volume of igneous rock (from Once a continental margin has ceased rifting and a new oceanic spreading center has developed, the margin will begin to subside thermally in a normal manner for the amount of stretching as the underlying asthenosphere cools.
Pure or Simple Shear?
There has been much debate about the possibility that in extensional regions there may be major detachment faults extending through the crust and possibly through the entire lithosphere which allow the upper crust to thin in one location whilst transferring the major lithospheric thinning laterally to another [e.g., Bally, 1981; Wernicke, 1985 ]. There are two major consequences of this idea: first, the crustal rifting and subsidence may be very different on the two sides of a developing oceanic rift; second, the magmatism caused by decompression of upwelling asthenosphere may be offset laterally from the main region of crustal thinning [Bosworth, 1987] In our model we assume that stretching the lithosphere results in uniform thinning (pure shear), and calculate the melt produced accordingly. This approach is justified because we are dealing with the large quantities of melt generated by extreme thinning of the lithosphere, where the ultimate break to a new oceanic spreading center occurs in the same location as the major thinning. The minor, but nevertheless widespread syn-rift volcanism that commonly accompanies the initial stages of intra-continental rifting is likely to reflect localized thinning and asymmetric stretching and may well be asymmetrically distributed [e.g., Bosworth, 1987] . But the large volumes of melt with which we are concerned will be produced close to the location of the ultimate break to fully igneous oceanic crust.
In general, the transition from normal thickness continental crust to oceanic crust occurs over a relatively short distance, typically 50-80 km, on volcanic rifted margins [White et al., 1987b; Mutter et al., 1988] . The transition on nonvolcanic margins such as the Bay of Biscay margin is often over a greater width. We attribute this to the weakening effect of large quantities of hot intruded igneous rock: once the lithosphere has started to rift this will weaken it considerably in the region of greatest thinning. We also note in passing that it is difficult to define a precise "continent-ocean boundary" in the heavily intruded region of faulted, thinned continental crust, where there are possibly disaggregated continental blocks in a matrix of young igneous rock [White, 1987] .
Comparison With Other Models of Riff Magmatism
It may be useful to draw out some of the differences between our model for rift magmatism and some of some of those proposed by others, although this is by no means intended to be a detailed critique of other models. Mutter et al. [1988] . They suggest that small-scale convection beneath the rift will locally enhance the melt generation. The controlling factor in their models as to whether or not small-scale convection commences is the sharpness of the lithosphere break. Beneath the V0ring Plateau they believe that the continental lithosphere breaks almost vertically and so promotes smallscale convection whilst the broader stretched transition on the Biscay margin does not trigger small-scale convection.
In our model it is unnecessary to propose that smallscale convection occurs to enhance melt production because sufficient melt is produced by passive upwelling of hot asthenosphere, and there is such an obvious correlation between magmatism on the rifted margins and the extent of the thermal anomaly in the mantle from adjacent mantle plumes. This correlation is documented from rifted margins around the world in the second half of this paper. 5. Subsequent to breakup, the volcanic continental margins exhibit rates of thermal subsidence that are appropriate for the amount of lithosphere thinning they have undergone as the elevated asthenosphere beneath them cools. However, unlike nonvolcanic margins, their thermal subsidence commences from near or above sea level rather than from greater depths, so they remain abnormally shallow. 6. The thickness of the oceanic crust not directly above the mantle plume generated following breakup is often less than the maximum thickness of the igneous section on the adjacent volcanic rifted margins, although it still remains greater than normal. This reduction in igneous production may be attributed partly to a decrease in excess asthenospheric mantle temperature resulting from the enormous loss of heat advected out of the mantle by melt generated in the central plume once breakup has occurred and the melt is able to bleed to the surface. In the following sections we discuss in detail the development of the various rift margins where voluminous magmatism has been found. We start with the northern North Atlantic, which is perhaps the best example of the interaction of a developing oceanic rift with the thermal anomaly created by a mantle plume. The North Atlantic is a good example because both margins of the basin have been widely studied on land and at sea, there is little sediment to obscure the deep structure, and the timing of the igneous events is reasonably well controlled. Other regions we shall discuss are progressively less well documented, sometimes owing to their geographical setting, which means that the formerly conjugate margin is no longer available for study (vide the west Australian margin), sometimes because the deep structure is obscured by thick overlying sediments, and often because only reconnaissance work has so far been undertaken.
The distribution
of voluminous continental flood basalts will be discussed along with the rift margin which was responsible for the melt generation. In Table  2 First, minor early and late volcanic events tend to cause a wide spread in overall ages of a province and perhaps are preferentially sampled because they tend to be interesting petrologically. The volumetrically important basaltic flows are often much less densely sampled in proportion to their volume and so have relatively fewer age determinations. Second, radiometric dating techniques are subject to all the well-known sources of error, both from experimental technique and from geological effects such as reheating or loss of one of the radiogenic components. Potassium-argon dating is particularly difficult for these basalts because they contain so little K20. In Table 2 we have tried to give not only the span of dates for each province but also the best estimates, where they exist, of the age and duration of the peak of volcanic activity. In general, the main peak of volcanism often occurs near the beginning of a volcanically active period, often just a few million years after the onset of igneous activity. The flood basalts often overlie, are intercalated with, or are overlain by subaerial or freshwater sediments. This indicates their subaerial origin. There are often indications of regional uplift prior to the effusive volcanism. Where the timing of the start of rapid seafloor spreading is good, it can be seen that the peak of igneous activity is coincident with the onset of spreading (Table 2 ; see also section 4). These relative timings are consistent with our model of melt generation. Details of the relative timing of uplift, of continental separation, and of igneous activity provide a crucial test of our hot spot rifting model, so we discuss the timing in detail in the sections that follow.
Identification of Igneous Rocks on Seismic Profiles
Before commencing our survey of magmatism on continental margins, we shall discuss the criteria by which we identify extrusive and intrusive igneous rocks on the margins. On land there is little difficulty in mapping the extent of the volcanic rocks other than in estimating how much has been lost by erosion, or is obscured by sediment or by ice cover. Under water it is quite a different matter, as there has been very little direct sampling and we must rely on indirect methods such as seismic reflection profiling, wide-angle seismic velocity determinations, and gravity or magnetic mapping.
Although it has been known for a long time that localized synrift volcanism often accompanies the breakup of continents, it is only recently that it has been realized that some margins exhibit very considerable igneous activity [e.g., Hinz [1988] interpret the entire section as thickened oceanic crust with the boundary between preexisting continental crust and the new igneous crust near vertical, as shown by the broken line in Figure 9 . However, an alternative interpretation of the seismic data is that there is a thinned wedge of old continental crust in the upper section, as we show in Figure 9 . In either case there was clearly an immense addition of intrusive igneous rock during the early stages of rifting on the Voring margin. A prism of high velocity lower crustal rocks has also been reported from seismic profiles across the east [Hyndman, 1973 [Hyndman, , 1975 . Palaeomagnetic measurements suggest that in most places the basalts were erupted very rapidly, within the space of a single palaeomagnetic reversal. Tarling et al. [1988] suggest that the east Greenland basalts were extruded during a single chron 24r. Since the maximum interval without a magnetic field reversal was 3 m.y., this is further evidence that the basalts were eraplaced very rapidly, in less than 3 m.y., and probably much faster.
Elevation and subsidence. A key difference between the elevation of volcanic and nonvolcanic rifted margins is that the former remain near or above sea level during the initial phases of rifting, while the latter sink immediately. There is abundant evidence from the rifted margins around the entire northern North Atlantic that the region of the initial split rose well above sea level, not only extruding basalts in subaerial conditions, but allowing them to flow outward onto the adjacent regions.
In east Greenland, the plateau basalts erupted contemporaneously with the initiation of spreading flowed onshore, where they were intercalated with fluvial and lacustrine sediments [Larsen, 1984] Wherever the lithosphere was rifted, extensive volcanism resulted from decompression melting of the passively upwelling, abnormally hot asthenosphere. The regional small-scale rifting which generated the British Tertiary igneous province may have been caused by stresses induced by uplift from the hot spot itself, or may have had other, external origins [e.g., Knox and Morton, 1988] . When the Greenland-European continent finally split in its present location, during chron 24r, massive igneous activity was produced along the margins. This generated thick extrusive basalt sequences, massive underplating, and concomitant elevation of the rifted margins. Subsequently as seafloor spreading proper commenced and melting was restricted to the oceanic spreading centers, the cessation of magmatism on the margins allowed them to start to subside thermally. The particularly thick sequences of igneous rocks on the rifted margins suggest that the mantle temperature was of the order of 50øC hotter during the initial stages of rifting than after the onset of sea floor spreading [Morgan et al., 1989 ]. This is consistent with continental breakup starting shortly after the initiation of the Iceland plume [White, 1989] Once the continental lithosphere had split apart, the melt generated by decompression in the central mantle plume itself was able to extrude freely to the surface to generate the 25-to 35-km-thick igneous crust beneath the Faeroes Ridge. As the North Atlantic Ocean continued to spread, the central plume generated the ocean-bridging Greenland-Iceland-Faeroes Ridge of abnormally thick igneous crust. At present the central plume has drifted to a position beneath eastern Iceland where it continues to generate thick igneous crust. There was no mantle plume immediately beneath the site of the oceanic rift, and therefore no volcanic ridge such as the Iceland-Faeroes Ridge was formed. There is however, evidence on the adjacent U.S. continent that a hot spot may have been present some distance from the rift zone shortly prior to rifting, which would have raised asthenosphere temperatures sufficiently in the distal regions traversed by the oceanic rift to produce the igneous activity we observe on the continental margins. The large extent of the thermal anomaly surrounding the mantle plume means that the precise location of the plume is not critical to our interpretation, provided it was landward of the present continental margin. Since the rift crossed the distal portion of the mushroomshaped thermal anomaly, it would cause somewhat enhanced partial melting in the upwelling asthenosphere beneath stretched lithosphere, but not the massive igneous outburst and the volcanic ridges generated in the northern North Atlantic where the split crossed close to the central plume. The widespread broadly contemporaneous igneous activity indicates the extent of the mantle thermal anomaly. As we predict from our passive asthenosphere upwelling model, most partial melt was generated where the lithosphere was stretched the most, namely, on the outer edges of the continental margin adjacent to the first oceanic crust.
To summarize, the central North Atlantic margins are an example of a continental split above asthenosphere that was just a little warmer than normal. The split probably occurred across the distal edge of a region of anomalously hot mantle produced by a distant mantle plume. The resultant magmatism was limited in volume, with most melt being generated in the regions adjacent to the ultimate split where lithosphere thinning was greatest.
The South Atlantic
The opening of the South Atlantic, like that of the northern North Atlantic, is a good example of a continental split which broke right across a mantle plume and its associated thermal anomaly. It generated extensive synrift igneous activity on the conjugate margins of both southern Africa and South America, cre- In Figure 15 we show the position for the Bouvet hot spot at 120 Ma, inferred assuming that it was fixed with respect to the Walvis hot spot [Morgan, 1983; Duncan, 1984] . This is several hundred kilometers further away than the maximum thermal influence around, for example, the Iceland hot spot. However, two factors may have served to make the Bouvet hot spot responsible. First, reconstructions suggest that prior to 120 Ma the Bouvet hot spot had traveled in an easterly direction across the site of the South Atlantic split [Morgan, 1983] and so may have left a thermal anomaly in its wake. Its position at 120 Ma shown in Figure 15 is the most easterly it achieved according to hot spot reconstructions, with a subsequent change to a southwesterly movement [Morgan, 1983; Duncan, 1984] . Second, recent evidence The source region to the west must have been elevated if it was to feed lavas inland, and this is consistent with the uplift the mantle plume would have generated (Figure 7) . The subsequent reversal of dip to give seaward dipping lavas was caused by the movement southward of the plume and by thermal relaxation of the stretched lithosphere near the coast.
The timing of the flood basalt emplacement is particularly well constrained in the Deccan by palaeomagnetic, palaeontological, and geochronological data. As is usual, the radiometric dates span a fairly broad range, with the high-quality K-Ar ages clustering be- Compositionally, the Ethiopian flood basalts are mainly on the alkaline-tholeiitic boundary with some picritic lavas [Mohr, 1971 [Mohr, , 1983 . The Yemen and Saudi Arabian basalts also exhibit alkaline affinities [Coleman, 1974; Civetta et al., 1978; Pallister, 1987] , and the principal rock types in the Aden volcanics are olivine and picritic basalts [Moseley, 1970] . Since the amount of lithosphere stretching in the Oligocene and early Miocene that gave rise to these basalts was not large, these alkaline and picritic compositions all point to unusually high temperatures in the parent mantle MCKenzie and Bickle, 1988] Since there was probably a period of rifting prior to the onset of fully developed seafloor spreading, the 178 4. 
DISCUSSION
In the first part of this paper we have shown that thermal plumes in the mantle feed mushrooms of abnormally hot mantle immediately beneath the lithosphere. Their diameter is typically 1500-2000 km, and the temperature is of the order of 100-150øC above normal. When the lithosphere is thinned by rifting, decompression of the upwelling asthenospheric mantle produces melt which rapidly moves upward to the overlying crust. The relatively small increase of temperature around mantle plumes dramatically enhances the amount of melt produced by passive upwelling. We explore in detail the predictions of our hot spot rifting model concerning the volume of igneous rocks produced, their geochemical, seismic, and density signatures, the effect on subsidence of rifted margins, and the timing of igneous activity. In the second half of the paper we show how our model can explain all the major volcanic continental margins and associated flood basalts. An identical model can be applied to other considerably older flood basalt provinces such as the 1100 Ma Keweenawan volcanics of the Mid-Continent Rift System, where we deduce an initial potential temperature of 1510-1560øC, some 150-200øC above the ambient mantle temperature at the time of rifting.
The production of voluminous igneous rocks on some rifted continental margins provides a major mechanism for increasing the volume of the continental crust. With the present number and global distribution of hot spots, we expect that at least one hot spot will pass under any point on the Earth every few hundred million years. The hot spot will not always cause continental breakup, nor does continental rifting always occur above hot spots. However, the presence of a hot spot itself causes considerable dynamic uplift and additional tensional forces in the lithosphere. So if the stress field in any given region is such that incipient rifting is likely to occur, then the initiation of a new plume beneath that area, or the passage of the area above an existing plume may well lead to lithosphere rifting. Furthermore, if rifting does occur shortly after initiation of a new mantle plume, then the increased temperature anomaly in the blob with which the plume commences will lead to the initial generation of particularly large quantities of melt as the mantle decompresses.
The interplay of continental breakup and hot spot locations over the past 200 m.y. is such that on average a major igneous province is generated once every Our estimation of continental growth rates by igneous addition in rifted regions could thus account for the majority of the increase of continental volume during the Phanerozoic. We note also that our calculation assumes that rates of plate motion and asthenospheric mantle temperatures have remained the same as at present throughout geologic time. If either were higher during the early history of the Earth, as seems likely, then considerably more melt would have been produced by our mechanism of decompression melting beneath rifted regions.
Another by-product of our model is that it may provide a mechanism for explaining some of the widespread and catastrophic extinctions that have occurred through geologic time. Both mechanisms rely on large quantities of dust being thrown up into the upper atmosphere and thereby blocking out sunlight with a concomitant sudden change in the temperature of the Earth's surface leading to the death of many organisms. Other factors such as the injection of sulfate aerosols into the atmosphere may also cause potentially damaging environmental consequences [Stothers et al., 1986] . Without wishing to enter into the protracted arguments for and against the two hypotheses, it is clear that our model provides a method for generating rapid and intense volcanism as a normal consequence of rifting above hot mantle. At least some of the volcanism is explosive, generating massive ashfalls. In the North Atlantic Tertiary igneous province, for example, over 100 separate ashfalls have been identified in the North Sea sediments [Knox and Morton, 1988 ]. The interval between major igneous episodes resulting from rifting above hot spots is typically of the order of 30 m.y., which falls into the typical timespan between observed major extinctions.
In conclusion, this survey shows that our simple notions of rifting above hot spots can explain all the main features of the world's major igneous provinces. It provides a powerful predictive tool for assessing the geological and subsidence history of rifted regions. There are many detailed studies which can be made to test our model. One field of investigation upon which we have touched only briefly in this paper is the geochemical nature and isotopic signature of the igneous rocks, which provide a sensitive indicator of the mantle temperature and conditions under which they were generated. Another valuable test is to look for geophysical evidence of igneous underplating, or intrusion in the lower crust under rifted regions. Last, classical geological investigations of the subsidence history of rifted regions and the precise relationships between tectonic events, magmatism and the onset of seafloor spreading along rifted continental margins can provide important tests of our model.
